Microbes associated with fungus-growing ants represent a poorly explored source of natural products. In this study, we used mass spectrometry-based dereplication techniques for identifying a set of secondary metabolites produced during the microbial interaction between Streptomyces sp. (CB0028) and Escovopsis sp. (CBAcro424). Both microorganisms were isolated from the nest of the fungus-growing ant Acromyrmex echinatior. Through MALDI imaging and MS/MS molecular networking, we annotated the siderophores: desferrioxamine B (1), ferrioxamine B (2), ferrioxamine E (3) and the N-formylated peptide SCO-2138/SLI-2138 (4). MALDI imaging experiments suggest that siderophores occurred during the microbial interactions in the fungus-growing ants -microbes symbioses. This is the first report on the production of compounds 1-4 by bacteria associated with fungus-growing ants.
Fungus growing ants are social insects endemic of the Americas and belong to the tribe Attini (Hymenoptera: Formicidae: Myrmicinae). Attine ants live in an obligated symbiosis with basidiomycete fungi, which are cultivated as the unique source of food for the broods. Additionally, attines have established a complex symbiotic relationship with other microbes that includes: 1) commensalistic and mutualistic antibiotic-producing actinomycetes; 2) a specialized group of parasites of the fungal cultivar in the genus Escovopsis; and 3) black yeasts that antagonize the antibiotic-producing bacteria [1] .
Symbiotic bacteria of fungus-growing ants are of special interest due to their ability to control the fungal garden parasites Escovopsis sp. The production of secondary metabolites during the interaction of symbiotic bacteria and Escovopsis represents a rich source of secondary metabolites [1] [2] [3] .
Herein, we used MALDI imaging mass spectrometry [4] in order to detect the secondary metabolites produced through microbial interaction between Streptomyces sp. (CB0028) and the fungus Escovopsis sp. (CBAcro424). Additionally, we employed global natural product social molecular networking (GNPS) [5] to annotate the metabolites produced during the microbial interaction.
MALDI imaging of the interaction between Streptomyces sp. (CB0028) and Escovopsis sp. (CBAcro424) showed a group of secondary metabolites with a radial spatial distribution inside the inhibition zone ( Figure 1A ). The ions observed ranged from 157 Da to 869 Da and all ions were produced in either the presence or absence of Escovopsis sp. (CBAcro424), as previously reported [3] .
Analyses of the chemical profile of the organic extracts from Streptomyces sp. (CB0028) and Escovopsis sp. (CBAcro424) and their interaction, using the GNPS platform resulted in 940 consensus spectra after application of the MScluster algorithm [5] ( Figure 1B) . Dereplication of these spectra against the databases led to the detection of compounds 1-4. Compounds 1-3 were produced by the bacteria in single culture and during the interaction with Escovopsis; compound 4 was detected only in single culture of the bacteria. Manual annotation of the MS 2 fragmentation resulted in the identification of desferrioxamine B (1) [6] , ferrioxamine B (2) [7] , ferrioxamine E (3) [8] and the N-formylated peptide SCO-2138/SLI-2138 (4) [9] (Figure 2 ). Although compounds 1-3 have been already reported, molecular networking and MALDI imaging experiments suggest their occurrence during the interaction between fungus-growing ant associated bacteria and the pathogen Escovopsis. Interspecies exchange of siderophores has been described in other systems [10, 11] .
Compound 1 has been reported to be an interspecific inducer for antibiotic production between Streptomyces species and a bacterial growth regulator [11] . Additionally, ferrioxamine siderophores have been described to be active against Plasmodium falciparum [12] , Trypanosoma brucei [13] and cardiovascular diseases through their iron-chelating properties [14] . Compound 4 is a member of the recently described class of ribosomal peptide natural products with the N-formylated end [9] . Compounds with this moiety have been related to host defense and inflammation processes [15] . This is the first report on the production of compounds 1-4 by bacteria associated with fungus-growing ants. This report shows the capacity of MALDI imaging analysis to study complex microbial interactions and molecular networking as a powerful dereplication tool. Moreover this work shows the potential of the fungus-growing ant symbiotic system as an unexplored source of compounds with biomedical potential. 
Experimental
Collection and isolation of bacteria: The bacterium was obtained by directly scraping the cuticle of the ant Acromyrmex echinatior with a sterile needle over chitin agar media supplemented with cycloheximide and nystatin. Purification of the bacterial strain was carried out by re-plating the different colonies on mannitol soy flour agar (SFM) until an axenic strain was obtained. Escovopsis sp. fungus was isolated from a fungus garden (<0.5 cm diameter) of A. echinatior and left in a moist chamber until conidia production. Purification was carried out by passages over potato dextrose agar (PDA) [3] .
Identification of microorganisms:
Bacterial DNA was obtained following PowerSoil® DNA Isolation Kit protocol. For DNA sequencing, 2 universal primers 27F (5'-AGAGTTTGATCCTGGCTCAG-3') and 1492R (5'-GGTTACCTTGTTACGACTT-3') were used in PCR to amplify the 16S rRNA gene. The PCR reaction was carried out in 50 µL (45 µL of Master Mix and 5 µL of bacterial DNA). The amplification was performed as follows: 95 °C for 5 min, followed by 30 cycles at 94 °C for 1 min, 55 °C for 1 min, 72 °C for 90 sec, and a final elongation time of 10 min. PCR products were checked by electrophoresis in agarose gel 1%. Bacterial PCR product was sent to Macrogen Inc. (Seoul, South Korea) for Sanger sequencing.
Fungal DNA was extracted from mycelium and subsequently diluted to obtain a final concentration between 50-100 ng/ μL. Diluted DNA was sent to Macrogen for Sanger sequencing of the internal transcribed spacer (ITS). ITS amplification was performed by using primers ITS1 (5′-TCCGTAGGTGAACCTGCGG-3′) and ITS4 (5′-TCCTCCGCTTATTGATATGC-3′). PCR conditions were: 96°C for 3 min, 35 cycles at 94°C for 1 min, 55°C for 1 min and a final elongation step at 72°C for 2 min. Finally, DNA sequences from Streptomyces sp. (CB0028) and Escovopsis sp. (CBAcro424) were independently analyzed with Geneious R 8.1.7 (Biomatters, Auckland, New Zealand) [16] . Both sequences, bacterium and fungus, were deposited in GenBank with accession codes MK036563 and KM096865, respectively. MALDI imaging: MALDI imaging was done using a standard Petri dish filled with a thin layer of SFM medium and inoculated with Streptomyces sp. (CB0028), Escovopsis sp. (CBAcro424) and their interaction. After 5 days of culture at room temperature, a small piece of medium was cut (± 20 mm 2 ) and placed on a MALDI MSP 96 anchor plate. Spores and mycelia of Escovopsis sp. were carefully removed [10] . Universal MALDI matrix (1:1 mixture of 2,5-dihydroxybenzoic acid and α-cyano-4-hydroxy-cinnamic acid) was applied and then dried. MS were recorded using a Bruker Autoflex MALDI-TOF mass spectrometer (Bruker Daltonics, Billerica, MA, USA) in positive reflectron mode. MS data were processed with FlexImaging 3.0 software (Bruker Daltonics, Billerica, MA, USA) and spatial distribution images of selected m/z were exported to TIFF file format and layered with ImageJ 1.47V software (Research Services Branch, National Institute of Mental Health, Bethesda, MD, USA) [3, 4, 10] . 1-butanol, acetonitrile, methanol and ethyl acetate. SFM was extracted using the same protocol and used as control. Filtered extracts were acidified with diluted formic acid and analyzed using a Chip-based nanoelectrospray ionization source (Advion Biosystems) coupled to a Thermo Finnigan LTQ-FT-ICR mass spectrometer (Thermo-Electron Corporation, San Jose, CA). The instrument was tuned with Cytochrome C and MS/MS spectra were registered using data dependent mode. MS/MS spectra were converted to the mzXML file format by using MSConvert GUI (ProteoWizard).
A molecular network was created using mzXML files with the online workflow at GNPS. The data were filtered and then clustered with MS-Cluster with a parent mass tolerance of 2 Da and a MS/MS fragment ion tolerance of 0.3 Da to create consensus spectra. A similarity network was then generated where edges were filtered to have a cosine score above 0.6 and more than 3 matched peaks. The consensus spectra in the network were then searched against GNPS' spectral libraries [3, 5] . Raw unfiltered network is available online at https://gnps.ucsd.edu/ProteoSAFe/status.jsp?task=b890217907ac42 53bfb8aca99bb11003#. Raw spectra were deposited in MassIVE database with the accession number MSV000083097. 
